To study the final steps in the secretory pathway of rat pituitary melanotrophs, we have monitored changes in cell surface area due to exocytosis after flash photolysis of caged Ca2+. A step increase in cytosolic [Ca2+] to 45-125 AM triggers three phases of exocytic secretion.
Introduction
At a neuronal synapse, a small subset of the synaptic vesicles are docked directly beneath the plasma membrane at a socalled active zone and can be released in milliseconds after an increase in cytosolic Ca2+ (Kelly, 1991; Linstedt and Kelly, 1991) . Endocrine cells have no morphologically recognizable active zones. Nonetheless, recent studies have suggested that endocrine cells also can release a small portion of their secretory vesicles very rapidly, while the remainder is released more slowly (Holz et al., 1989; Thomas et al., 1990; Augustine and Neher, 1992; Lindau et al., 1992) . In these studies, cytosolic [Ca2+] , Ca1, was raised by Ca2+ influx through the plasma membrane. This procedure causes large spatial Ca, gradients in the vicinity of open Ca2+ channels (Roberts et al., 1990 Ellis-Davies, 1988) to cause rapid and uniform increases in Ca1, and have monitored exocytosis on a millisecond time scale by measuring the membrane capacitance (Neher and Marty, 1982; Fernandez et al., 1983; Breckenridge and Almers, 1987) . We observed three kinetically distinct phases of exocytosis in response to a step increase in Ca1. Since these run their course even though Ca, remains constant, they presumably reflect a sequence of late steps in the secretory pathway.
Results
To see how rapidly a melanotroph secretes in response to Ca2+, we increased Cai by flash photolysis of Ca2+ -DMnitrophen and monitored secretion by measuring the plasma membrane capacitance, an assay of cell surface area. Figure 1A shows a typical experiment. A fire-polished glass micropipette had been sealed against the plasma membrane and the membrane patch beneath its tip had been ruptured by a pulse of suction (Hamill et al., 1981) . Through the open tip, the solution in the pipette ('intracellular solution', see Materials and methods) had exchanged with the cytosol by dialysis. The solution also contained Ca2+-DM-nitrophen, a photolabile Ca2+ chelator, and furaptra, a fluorescent Ca2+ indicator sensitive to Cai in the range 5-500 ,uM (Raju et al., 1989; Konishi et al., 1991; Lattanzio and Bartschat, 1991) .
Figure IA (top) tracks Cai, beginning after 118 s of dialysis. At this time, furaptra had filled the cytosol to equilibrium (as judged by the fluorescence of the cell), and the same may be assumed for Ca2+-DM-nitrophen, a substance of closely similar molecular weight. Measurements with fura-2 (Almers and Neher, 1985; Grynkiewicz et al., 1985) showed that Cai was low (163 15 nM, mean SE, n = 4). We expect that cytosolic [Mg2+] was even lower since the total concentration of Mg in the pipette (< 10 AM) was at least 1000 times less than that of Ca, while DM-nitrophen chelates Mg2+ with 500-fold lower affinity than it does Ca2+ (Kaplan and Ellis-Davies, 1988 Figure 2 , which shows an experiment similar to Figure IA . On this 60-fold faster time scale, the C trace appears almost linear except for an early portion where C increases more rapidly. It is clear from Figure 2B 
flash. To make this more precise, a second-order polynomial was fitted to a 50 ms long segment starting 7 ms after the flash and extrapolated backwards. It fitted the trace well and intersected the abscissa at a time of 2.8 0.6 ms after the flash (n = 16). Although significantly different from 0 (twotailed Student's t-test, P <0.001), this time is at the limit of our resolution (one C measurement every 1.25 ms). We conclude that secretion begins within 3 ms after the flash.
Discussion
We have monitored secretion in single cells by measuring the membrane capacitance, an assay of the membrane added to the cell surface by exocytosis. To convert capacitance changes into numbers and percent of vesicles released, we refer to published electron micrographs. In Figure 5 of Chronwall et al. (1988) , the average vesicle diameter is 117 nm (n = 200) and there are 7.8 1.0 vesicles/tm2 of section corresponding to 67 vesicles/Am3 (Thomas et al., 1990 Zm3.
Our results show that a step increase in Cai triggers three successive phases of secretion. The first is a rapid secretory burst that lasts -40 ms and attains a peak rate of 10 pF/s, corresponding to 17 000 vesicles/s. Since C increases by 275 fF in the first 40 ms, the secretory burst represents the release of about 450 vesicles, < 1 % of the total. A slower, but still transient, phase of secretion follows the rapid burst. From Figure 2B we estimate that this phase begins with a rate of 4000 fF/s ( -7000 vesicles/s) and increases C by -1600 fF, corresponding to 2700 vesicles or 5% of the total. Finally, secretion continues at an essentially constant rate of 300 fF/s or 500 vesicles/s. Future work will explore how these components depend on Cai (P. Thomas It is tempting to speculate that at least the 450 vesicles comprising the early burst are already molecularly docked beneath the plasma membrane before Cai increases. This idea would also fit with the finding that they are exocytosed much more rapidly than all others. In this regard, they are functionally equivalent to the vesicles docked at the active zone of a synapse. Indeed, in chromaffin cells most secretory vesicles are excluded from the cell periphery by a 200-400 nm thick band of actin filaments, but -450 vesicles (1.5 % of the total) are found close to the plasma membrane (Burgoyne et al., 1982; Burgoyne, 1991) . If the vesicles comprising the early burst represent a distinct population primed for rapid exocytosis, then the time constant with which the secretory burst declines (14 ms) suggests an overall rate constant of 1000/14 = 71 s-for the exocytic reaction at 30-34'C. This is less than at nerve terminals (> 1000 s-at 18-22°C; Katz and Miledi, 1965; Llina's etal., 1981) , but would still be rapid enough to allow hormone release to be temporally correlated with single action potentials which occur at a frequency of 1-2/s in melanotrophs (Douglas and Taraskevich, 1978) . In chromaffin cells, another cell secreting dense-core vesicles, the average delay between Ca2+ entry and exocytosis of single vesicles is 51 ms, suggesting a rate constant of 20 s-I at 22 -30°C (Chow et al., 1992) .
Morphology suggests that all of the 3000 vesicles exocytosed in the first two secretory phases may have been extremely close to the plasma membrane before the flash.
In Figure 5 of Chronwall et al. (1988) (Baker and Knight, 1978) , the components identified here probably correspond to the Mg2 +-ATP-independent secretion observed previously (Reynolds et al., 1982; Howell et al., 1987; Holz et al., 1989) . Hence they represent late steps in the secretory pathway, such as fusion and possibly docking. In combination with pharmacological and molecular techniques, the approach described here allows study of the elements involved in regulating these late steps.
Materials and methods

Melanotrophs
Melanotrophs were obtained by enzymatic dissociation of rat pituitary intermediate lobes and maintained in primary culture for 2-10 days before use (Thomas et al., 1990; Stack and Surprenant, 1991 (Hamill et al., 1981 (Grynckiewicz et al., 1985) . Glass micropipettes filled with these solutions had resistances of 1-2 Mg and made 2-5 Mg connections with the cytosol.
Measurement of Ca.
To measure Cat, fluorescence was excited with pairs of 16 ms exposures to 340 and 380 nm light.
[Ca2+] was calculated (Almers and Neher, 1985; Grynkiewicz et al., 1985) from the fluorescence ratio, R (short wave/long wave) by:
The calibration constants Rmjn, Rmax and K* were determined as follows.
For measurements with furaptra, Rmin was taken as the average of 20 readings taken before the flash. This is justified because the Caj established by our Ca2 + -DM-nitrophen mixture (163 ± 15 nM, four measurements with fura-2) is negligible compared to the Kd of Ca2+-furaptra in melanotrophs (20-30 ptM at 22-25°C; P. Thomas (Blinks et al., 1982) from the stability constants of Martell and Smith (1974) . DM-nitrophen was photolyzed with a flash from a xenon arc lamp (Hi-Tech Scientific Ltd, UK) that was reflected off a dichroic mirror (Oriel Optical Co.) to eliminate light of wavelength >420 nm.
